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INTRODUCTION

Cytomegalovirus (CMV) infections are a major cause of
morbidity and mortality among immunocompromised patients,
especially recipients of bone marrow and solid-organ trans-
plants and patients with AIDS (40, 51, 53). Specifically, CMV
was the most common cause of sight-threatening and life-
threatening opportunistic viral infections among patients with
AIDS prior to the availability of highly active antiretroviral
therapy. Antiviral agents currently licensed for the treatment
of CMV infections include ganciclovir, foscarnet, and cidofovir
(18, 20, 44, 45). Multiple clinical trials have demonstrated the
efficacy of ganciclovir in patients with CMV disease, and pub-
lished clinical studies suggest that the efficacy of foscarnet is
similar to that of ganciclovir in AIDS-related CMV retinitis
(41). Although the clinical experience with cidofovir is more
limited, recent studies have shown that it is beneficial in the
treatment of AIDS patients with CMV retinitis (44, 45).

In severely immunocompromised patients who develop
CMV disease, prolonged antiviral therapy is often necessary. A
potential risk associated with prolonged use of antiviral com-
pounds is the emergence of resistant viruses. CMV isolates
resistant to antiviral agents have been selected in the labora-
tory (47, 48, 63, 65) and have also been recovered from immu-
nocompromised patients treated with antiviral agents (23, 27,
29, 56, 72). Studies done in the last 5 years have contributed
significantly to the current understanding of the mechanisms of
resistance of CMV to antiviral drugs. Ganciclovir-resistant

CMV strains selected in the laboratory have amino acid dele-
tions or substitutions in conserved regions of the UL97 region
and/or point mutations in the DNA polymerase gene of the
virus (47, 48, 63, 65). In clinical CMV strains, resistance to
ganciclovir has also been associated with mutations in UL97,
DNA polymerase, or both viral genes (1–4, 12–15, 30, 31, 36,
37, 49, 57–60, 70–72). The functional consequence of the UL97
mutations is an impaired phosphorylation of ganciclovir in
virus-infected cells, with the consequent lack of synthesis of
ganciclovir triphosphate, the active form of the drug (48, 61,
63). Characterization of laboratory and clinical CMV strains
resistant to foscarnet and cidofovir has demonstrated that re-
sistance to these compounds is associated with amino acid
substitutions in conserved regions of the viral DNA polymer-
ase (14, 15, 30, 37, 47, 58, 59, 65). Some of these DNA poly-
merase mutant isolates are cross-resistant to ganciclovir, fos-
carnet, and cidofovir.

CMV resistance studies have been hampered by the techni-
cal difficulty and lack of standardization of antiviral suscepti-
bility assays. Classically, plaque reduction assays have been
considered the “gold standard” method to determine the an-
tiviral susceptibility profile (also termed viral phenotype) of
CMV strains (43). Unfortunately, a major problem with plaque
reduction assays is the excessive time required to complete the
assay and the lack of a consensus method validated in different
laboratories. Other methods available for antiviral susceptibil-
ity testing include DNA-DNA hybridization, enzyme-linked
immunosorbent assay (ELISA), immunofluorescence, and flow
cytometry-based assays (33, 50, 67–69). All are limited by lack
of standardization and by the length of time required to gen-
erate susceptibility results.

The recognition that mutations in the UL97 and/or DNA
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polymerase region of CMV are associated with antiviral resis-
tance has led to the development of methods for detection of
mutant viruses. The UL97 and DNA polymerase sequences
(the viral genotype) are generally characterized by combining
PCR and sequencing methods. The observation that the ma-
jority (94%) of ganciclovir-resistant CMV strains contain spe-
cific UL97 mutations prompted the development of screening
assays to detect mutant viruses (12, 13, 36). By combining PCR
and restriction digestion methods, it has been possible to de-
tect 78% of ganciclovir-resistant CMV isolates containing the
most common UL97 mutations (12, 13). These screening
methods have been successfully applied to the direct detection
of mutant CMV UL97 sequences in clinical specimens (i.e.,
plasma, blood leukocytes, and cerebrospinal fluid).

From a clinical perspective, the most relevant question is to
determine the pathogenic significance of infections caused by
resistant CMV strains. Studies by several groups of investiga-
tors support the notion that resistance of CMV to antiviral
agents is a factor in therapeutic failure and disease progres-
sion. Additional studies are needed to fully characterize the
genetics of resistance of CMV to different antiviral agents, to
determine the importance of individual mutations by assessing
their effect on the viral phenotype, and to develop rapid and
reliable methods for the timely detection of resistant CMV
strains in clinical specimens.

ANTIVIRAL AGENTS FOR TREATMENT
OF CMV INFECTIONS

Antiviral agents currently licensed for the treatment of
CMV infections include ganciclovir, foscarnet, and cidofovir
(5, 18, 20, 44, 45). All three compounds inhibit CMV DNA
synthesis by inhibiting the viral DNA polymerase. Ganciclovir
(9-[1,3-dyhydroxy-2-propoxymethyl]guanine) is a deoxyguano-
sine analogue that must be phosphorylated to ganciclovir
triphosphate to exert its antiviral activity (20, 32, 54). The
UL97 gene of CMV encodes a viral protein kinase that phos-
phorylates ganciclovir to ganciclovir monophosphate, with
cellular kinases carrying out further phosphorylations to gan-
ciclovir di- and triphosphate. Ganciclovir triphosphate is a
competitive inhibitor of the natural substrate (deoxyguanosine
triphosphate) for the CMV DNA polymerase. In addition,
incorporation of ganciclovir triphosphate into viral DNA
causes a slowing and subsequent cessation of CMV DNA chain
elongation (20, 32, 54).

Foscarnet (trisodium phosphonoformate) is a pyrophos-
phate analogue that reversibly and noncompetitively inhibits
the activity of the CMV DNA polymerase (5, 18). Foscarnet
does not require intracellular activation to exert its antiviral
activity and is not incorporated into the growing viral DNA
chain. Foscarnet reversibly blocks the pyrophosphate binding
site of the viral DNA polymerase and inhibits the cleavage of
pyrophosphate from deoxynucleoside triphosphates (5, 18).

Cidofovir ([S]-1-[3-hydroxy-2-phosphonylmethoxypropyl]cy-
tosine) is an acyclic nucleoside phosphonate that must be phos-
phorylated to its diphosphoryl derivative to exert its antiviral
activity (22, 44, 45). These phosphorylations are carried out by
host cellular enzymes and thus are independent of virus-in-
duced phosphorylating enzymes. Cidofovir diphosphate is a
competitive inhibitor of the CMV DNA polymerase. Similarly
to ganciclovir, the incorporation of cidofovir diphosphate into
viral DNA causes a slowing and subsequent cessation of CMV
DNA chain elongation (22).

MECHANISMS OF RESISTANCE

Initial Laboratory and Clinical Studies

The evidence that CMV could become resistant to antiviral
compounds was initially obtained in the laboratory by selecting
a ganciclovir-resistant CMV strain after passaging a suscepti-
ble reference virus (laboratory strain AD169) in the presence
of increasing concentrations of ganciclovir (6). This mutant
virus, designated B759rD100, was resistant to ganciclovir but
susceptible to foscarnet and induced decreased phosphoryla-
tion of ganciclovir in infected cells compared with that in cells
infected with the control strain AD169. These findings sug-
gested that the resistance of B759rD100 to ganciclovir could be
the consequence of a mutation in the viral genome that would
reduce the synthesis of a CMV-encoded enzyme contributing
to the intracellular phosphorylation of ganciclovir.

That ganciclovir-resistant CMV could emerge in the clinical
setting was demonstrated shortly after ganciclovir became
available for the treatment of severe CMV infections. During
our initial study of ganciclovir for the treatment of CMV dis-
ease in immunocompromised hosts, we demonstrated that gan-
ciclovir therapy ablated CMV viremia after a mean of 4.7 days
of therapy (28). However, one AIDS patient in that study had
CMV persistently isolated from multiple blood cultures de-
spite being treated with multiple courses of ganciclovir. Shortly
thereafter, we identified two additional patients (one patient
with AIDS, and one patient with chronic lymphocytic leuke-
mia) who also had persistent CMV viremia and progressive
CMV disease that were unresponsive to ganciclovir (29). Be-
cause of the relentless progression of the CMV disease in these
patients and the persistently positive blood cultures during
therapy, susceptibilities to ganciclovir of CMV isolates ob-
tained before or shortly after the start of ganciclovir therapy
(pretherapy or early isolates) and after several courses of gan-
ciclovir (late isolates) were determined. In all three patients,
the late CMV isolates were clearly resistant to ganciclovir, for
which the 50% inhibitory concentrations (IC50) were 2 to 12
times higher than those for baseline isolates and 4 to 6 times
higher than those for the ganciclovir-susceptible reference
strain AD169 (29). Whereas these data demonstrated that
ganciclovir therapy could select resistant isolates, the incidence
of these infections was not known. The only data available then
were from a prospective study of 72 patients with AIDS and
CMV infection treated with ganciclovir. In that study, 7.8% of
the patients who had been treated with ganciclovir for .3
months eliminated resistant CMV in their urine (23).

To further address the mechanisms of ganciclovir resistance
of CMV, laboratory strain 759rD100-1 and 14 clinical isolates
(9 of which were resistant to ganciclovir) from the studies cited
above were further characterized in a series of experiments
aimed to define the antiviral susceptibility pattern of the vi-
ruses, the intracellular anabolism of ganciclovir in cells in-
fected with the different strains, and the susceptibility of the
viral DNA polymerases to inhibition by antiviral compounds
(61). Laboratory strain 759rD100-1 was resistant to ganciclovir
and susceptible to foscarnet and had a reduced susceptibility to
cidofovir. All nine ganciclovir-resistant clinical isolates were
susceptible to foscarnet and cidofovir. Similarly to the ganci-
clovir-resistant laboratory strain 759rD100-1, the ganciclovir-
resistant clinical isolates studied showed a reduced ability to
induce intracellular phosphorylation of ganciclovir whereas the
ganciclovir-susceptible isolates were able to induce phosphor-
ylation of ganciclovir at levels comparable to those of the
ganciclovir-susceptible laboratory strain AD169 (61). The
DNA polymerases of a pair of ganciclovir-susceptible and -re-
sistant clinical isolates had comparable sensitivities to ganci-
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clovir triphosphate and foscarnet, with values that were similar
to those of the laboratory strain AD169. Based on these re-
sults, it was postulated that resistance of clinical CMV isolates
to ganciclovir was due to their inability to induce adequate
levels of ganciclovir triphosphate in virus-infected cells and
that the viral DNA polymerase did not play a role in the
resistance of the clinical isolates to ganciclovir. In contrast, the
decreased susceptibility to cidofovir of the ganciclovir-resistant
laboratory strain 759rD100-1 suggested that the virus could
also have an altered DNA polymerase.

Characterization of UL97 Mutations in Ganciclovir-
Resistant CMV Laboratory Strains

The initial studies of resistant laboratory and clinical CMV
strains related ganciclovir resistance to inadequate intracellu-
lar phosphorylation of the compound in cells infected with
ganciclovir-resistant viruses. Although experimental evidence
at that time suggested that ganciclovir phosphorylation was
controlled by a CMV-encoded function, the mechanism by
which ganciclovir is phosphorylated in CMV-infected cells re-
mained unresolved until 1992. In that year, two independent
groups of investigators provided biochemical, immunological,
and genetic evidence that the phosphorylation of ganciclovir in
CMV-infected cells is controlled by a protein kinase homo-
logue encoded by the UL97 open reading frame of the virus
(46, 63). In one study, a recombinant protein (UL97tr) was
obtained by cloning a truncated part of the CMV UL97 open
reading frame including sequences homologous to the catalytic
domains of protein kinases into an expression vector. This
protein was used to produce specific antisera that were shown
by Western blotting to react with UL97tr itself and with a
protein obtained from CMV-infected cells that had a molecu-
lar weight similar to that predicted for UL97. In addition,
extracts from bacteria expressing UL97tr efficiently phosphor-
ylated ganciclovir compared with controls. Furthermore, this
phosphorylating activity was neutralized by CMV-seropositive
serum but not by CMV-seronegative serum (46). In another
study, recombinant viruses containing fragments representing
the complete UL97 sequence of the ganciclovir-resistant lab-
oratory strain 759rD100 prepared in marker transfer experi-
ments were resistant to ganciclovir and unable to induce phos-
phorylation of ganciclovir in infected cells. Analysis of the
DNA sequence of these recombinant viruses revealed a 12-bp
deletion of UL97 codons 590 to 593, which resulted in a 4-
amino-acid deletion (Ala-Ala-Cys-Arg) in a conserved region
of the UL97 protein possibly implicated in substrate recogni-
tion (63). On the basis of these results, it was proposed that
UL97 is responsible for the initial phosphorylation of ganci-
clovir in CMV-infected cells.

These findings prompted the characterization of UL97 se-
quences in ganciclovir-resistant laboratory and clinical CMV
strains. In one study, plaque-purified ganciclovir-resistant
strains D1/3/4, D6/3/1, and D10/3/2 were obtained after se-
quential passages of the susceptible strain, AD169, in increas-
ing concentrations of ganciclovir (48). Cells infected with these
ganciclovir-resistant viruses showed reduced levels of ganciclo-
vir phosphorylation, suggesting the presence of mutations in
the UL97 region of these viruses. Sequencing studies of this
open reading frame demonstrated the same mutation (ATG to
ATT), resulting in a methionine-to-isoleucine amino acid
change at amino acid residue 460 (M460I mutation) of the
UL97 protein in all three resistant strains (48). A recombinant
virus (R6HS) prepared after transfection of UL97 sequences
from D6/3/1 into cells infected with AD169 was also resistant
to ganciclovir and induced ganciclovir phosphorylation levels

that were more than 10-fold lower than those in AD169-in-
fected cells (48).

Characterization of UL97 Mutations in Ganciclovir-
Resistant Clinical CMV Isolates

Analyses of UL97 sequences in clinical CMV isolates resis-
tant to ganciclovir has also demonstrated the presence of point
mutations or deletions in this region of the viral genome. Table
1 summarizes UL97 mutations found in clinical CMV isolates
included in studies published in English in the literature be-
tween 1995 and 1998. The majority of the 129 ganciclovir-
resistant isolates included in Table 1 contained mutations at
codon 460 (28 isolates or 22%), 594 (25 isolates or 21%), or
595 (32 isolates or 25%). In most cases, isolates contained
single UL97 mutations, with few isolates containing two mu-
tations in this region. Marker transfer experiments have shown
that the mutations M460V, M460I, H520Q, A594V, L595S,
L595F, deletion of codon 595, deletion of codons 591 to 594,
C603W, and C607Y confer ganciclovir resistance when intro-
duced into the genome of recombinant viruses. Similar to the
studies done with ganciclovir-resistant laboratory CMV strains,
anabolism studies with ganciclovir-resistant clinical CMV iso-
lates have demonstrated that the functional consequence of
these UL97 mutations is an impaired intracellular phosphory-
lation of ganciclovir into ganciclovir monophosphate, with the
subsequent lack of synthesis of ganciclovir di- and triphos-
phate.

In addition to the mutations cited above, other UL97 mu-
tations (N510S, A590T, A591V, A591D, C592G, L595W, L595T,
E596G, E596D, N597I, G598V, K599M, C603Y, A606D, and
V665I) have been found in ganciclovir-resistant clinical CMV
isolates (Table 1). N510S has been reported to occur in one
clinical CMV isolate resistant to ganciclovir that also contained
a deletion of UL97 codons 591 to 594. Because this deletion
confers resistance to ganciclovir, the role of N510S as a marker
of resistance is unclear. V665I has been found in resistant
isolates containing other UL97 mutations related to ganciclo-
vir resistance. Therefore, the significance of this mutation is
not clear. Although the effect of A591V, C592G, L595W,
L595T, E596G, N597I, G598V, K599M, C603Y, A606D, and
V665I in conferring resistance to ganciclovir has not been
studied with recombinant viruses or in ganciclovir anabolism
studies, these mutations are located at or next to UL97 codons
shown to be involved in ganciclovir resistance. Further work is
necessary to determine the role of these amino acid substitu-
tions in ganciclovir resistance.

The biological role of the UL97 protein is not known. It has
sequence homology to bacterial phosphotransferases as well as
other protein kinases of human herpesviruses, some of which
play a crucial regulatory role in gene expression (7). It has been
suggested that mutations related to resistance to ganciclovir
alter the substrate binding sites of UL97 so that it can no
longer efficiently phosphorylate ganciclovir. However, these
mutations do not inactivate UL97, as evidenced by the ability
of the mutated protein to phosphorylate itself and other pro-
tein substrates (7, 38).

Characterization of DNA Polymerase (UL54) Mutations in
Drug-Resistant CMV Laboratory Strains

The CMV DNA polymerase is the target of the antiviral
agents currently available to treat CMV infections. Therefore,
mutations in the viral gene that encodes the DNA polymerase
can result in resistance of the virus to these drugs. Sequence
analysis of the DNA polymerase of ganciclovir-resistant CMV
strains selected in the laboratory has shown the presence of
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mutations in this region of the viral genome (47, 65). For
instance, each one of the ganciclovir-resistant strains D1/3/4,
D6/3/1, and D10/3/2 (obtained after sequential passages of the
susceptible strain, AD169, in increasing concentrations of gan-
ciclovir) contained mutations in the DNA polymerase gene
(47). D1/3/4 and D6/3/1 had a single-base change (A to C) at
position 2160, which results in an amino acid change from
leucine to isoleucine at residue 501 (L501I mutation). The
mutation in D10/3/2 consists of a single-base change at position
1893 (G to T), which results in a change from phenylalanine to
valine at residue 412 (F412V mutation) (47). Antiviral suscep-
tibility studies revealed that these isolates were resistant to
ganciclovir, susceptible to foscarnet, and resistant to cidofovir
(Table 2). Because these mutants also contained UL97 muta-
tions, the role of the DNA polymerase mutations in conferring
antiviral resistance was further examined in recombinant vi-
ruses. Transfer of the L501I mutation found in D1/3/4 to the
wild-type, AD169, resulted in a recombinant virus (HP/A1B/4)
that was also resistant to ganciclovir, sensitive to foscarnet, and
resistant to cidofovir. However, in contrast to the parental

strain D1/3/4, cells infected with the recombinant strain HP/
A1B/4 had normal levels of ganciclovir phosphorylation. Sim-
ilarly, analysis of the sequence of the DNA polymerase of
ganciclovir-resistant laboratory strain 759rD100 revealed a C-
to-G change at position 3619 that results in a replacement of
alanine by glycine at position 987 (A987G mutation) (65).
Transfer of the A987G to the wild-type, AD169, resulted in a
recombinant virus (GDGrP53) that was resistant to ganciclovir,
sensitive to foscarnet, resistant to cidofovir, and able to induce
phosphorylation of ganciclovir in infected cells as efficiently as
did the wild-type, AD169. The mutations found in the drug-
resistant laboratory mutants described above are localized in
highly conserved regions of the CMV DNA polymerase (Fig.
1). F412V lies within conserved region IV, L501I is located in
]-region C, and A987G is located in conserved region V. It has
been postulated that these DNA polymerase mutations could
be involved in substrate recognition and could cause drug
resistance by decreasing the affinity of the viral polymerase for
antiviral compounds (47, 65).

TABLE 1. UL97 mutations in clinical CMV isolates resistant to ganciclovir

UL97 mutation Amino acid change No. of isolates Reference(s)

M460V Methionine to valine 21 1, 12, 13, 27, 57, 58, 72
M460I Methionine to isoleucine 7 3, 13, 58, 59, 71
N510S Aspartic acid to serine 5 13, 31
H520Q Histidine to glutamine 6 13, 30, 36
A590T Alanine to threonine 1 72
A591D Alanine to aspartic acid 1 72
A591V Alanine to valine 2 13, 58
C592G Cysteine to glysine 5 13, 30, 58
A594V Alanine to valine 24 3, 12, 13, 30, 31, 58, 70
A594T Alanine to threonine 1 30
del591–594 Deletion of alanine-alanine-cysteine-arginine 1 13
L595S Leucine to serine 23 3, 12, 13, 30, 49, 58, 70, 72
L595F Leucine to phenylalanine 5 12, 58, 70
L595T Leucine to threonine 1 58
del595 Deletion of leucine 2 2
L595W Leucine to tryptophan 1 13
E596G Glutamic acid to glysine 1 13
E596D Glutamic acid to aspartic acid 1 72
N597I Asparagine to isoleucine 1 72
G598V Glysine to valine 1 72
K599M Lysine to methionine 1 72
del600 Deletion of leucine 1 16
C603W Cysteine to tryptophan 5 14, 58
C607Y Cysteine to tyrosine 6 4, 59
C603Y Cysteine to tyrosine 1 72
A606D Alanine to aspartic acid 1 72
V665I Valine to isoleucine 4 70

TABLE 2. Effect of UL97 and UL54 mutations in antiviral susceptibilities of laboratory CMV isolates

Strain
Amino acid change (residue) in: Fold change in IC50 of:

Reference(s)
UL97 sequence UL54 sequence Ganciclovir Foscarnet Cidofovir

R6HS Methionine to isoleucine (460) Wild type 5 NCa NC 48
HP/A1B/4 Wild type Leucine to isoleucine (501) 5 NC 8–15 47
GDGrH5 Wild type Alanine to glysine (987) 6 NAa NA 65
GDGrP53 Wild type Alanine to glysine (987) 4 NA 10 65
D6/3/1 Methionine to isoleucine (460) Leucine to isoleucine (501) 20 1.2 8–16 47, 48
D1/3/4 Methionine to isoleucine (460) Leucine to isoleucine (501) 20 1.2 8–16 47, 48
D10/3/2 Methionine to isoleucine (460) Phenylalanine to valine (412) 20 1.2–1.5 8–16 47, 48
759rD100 Deletion (590–593) Alanine to glysine (987) 20 NC 7 63, 65

a NC, no change; NA, not available.
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Characterization of UL54 Mutations in Drug-Resistant
Clinical CMV Isolates

The finding of mutations in the UL54 region of drug-resis-
tant laboratory strains prompted the determination of the se-
quence of this region in clinical CMV isolates. UL54 mutations
in clinical CMV isolates that have been reported in the liter-
ature in English between 1995 and 1998 are summarized in
Table 3. These data should be interpreted with caution because
the role of the UL54 mutations listed in conferring resistance
has been analyzed in recombinant viruses in only few of the

studies. In recombinant viruses, F412C and L501I cause resis-
tance to both ganciclovir and cidofovir (14, 58); T700A and
V715M cause resistance to foscarnet (3); L802M has been
associated with resistance to both ganciclovir and foscarnet or
only to foscarnet (14, 16); and A809V causes resistance to both
ganciclovir and cidofovir (15). Of note is that the T700A mu-
tation has also been found in a foscarnet-susceptible clinical
CMV isolate obtained from a patient who had not been pre-
viously treated with foscarnet (30). The reason for the discrep-
ant effect of L802M in antiviral susceptibilities has not been
fully clarified. In addition, all the isolates listed in Table 3 were

FIG. 1. Schematic representation of the CMV DNA polymerase (UL54). Boxes represent regions of the DNA polymerase highly conserved among different
herpesviruses. Data are from references 15, 16, 58, and 65.

TABLE 3. UL54 mutations in clinical CMV isolates resistant to antiviral agents

Region UL54
mutationa Amino acid change

Viral phenotypeb
UL97

mutationsc Reference(s)
Ganciclovir Foscarnet Cidofovir

IV N408D Asparagine to aspartic acid R S R No 30, 58
F412C Phenylalanine to cysteine R S R Yes 14, 58
D413E Aspartic acid to glutamic acid R S R Yes 30

]-region C L501F Leucine to phenylalanine R S R Yes 30, 37
L501I Leucine to isoleucine R S R Yes 58
T503I Threonine to isoleucine R S R Yes 58
K513R Lysine to arginine R S R Yes 58
K513E Lysine to glutamic acid R S R Yes 59
P522A Proline to alanine R S ND Yes 30
T700A Threonine to alanine R S R No 30

II T700A Threonine to alanine S R S No 3
M715V Valine to methionine S R S No 3
I722V Isoleucine to valine R S R Yes 58

VI V781I Valine to isoleucine R R S Yes 58

III L802M Leucine to methionine R R S Yes 14
A809V Alanine to valine R R S Yes 15
G841A Glysine to alanine R S ND Yes 30

Other S676G Serine to glysine R S R Yes 58
G678S Glysine to serine R S R Yes 59
Y751H Tyrosine to histidine R S R Yes 58

a Mutations transferring antiviral resistance to recombinant viruses are shown in boldface type.
b R, S, and ND denote resistant, sensitive, and not done, respectively.
c Refers to ganciclovir resistance UL97 mutations.
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resistant to ganciclovir and the majority contained one or two
ganciclovir resistance UL97 mutations. Therefore, the contri-
bution of UL54 mutations to the ganciclovir resistance of the
isolates listed in Table 3 cannot be differentiated from that of
the UL97 mutations present in the same isolates. Clinical
CMV isolates that are resistant to ganciclovir, foscarnet, and
cidofovir have also been reported. In addition to ganciclovir
resistance mutations in UL97, these multiresistant isolates
have two or more of the following mutations in UL54: N408D,
F412C, K513E, D588E, V781I, L802M, K805Q, T821I, S897P,
and R1052C (58).

A more detailed analysis of the effect of specific UL54 mu-
tations in the susceptibility of CMV to different antiviral agents
has been performed recently by constructing UL54 mutant
recombinants by a cosmid cotransfection approach (16, 42). In
this method, recombinant UL54 mutant viruses were gener-
ated by cotransfection of nine overlapping CMV DNA frag-
ments into fibroblasts, and their drug susceptibility profiles
were determined in a plaque reduction assay and compared
with drug susceptibilities of a wild-type recombinant virus (16).
A total of 17 recombinant viruses expressing various point
mutations in UL54 were generated, and their antiviral suscep-
tibilities were characterized. The in vitro susceptibility data of
the recombinant viruses to ganciclovir, foscarnet, and cidofovir
are summarized in Table 4. From these data, it has been
concluded that (i) mutations located in UL54 regions IV and
]-region C (N terminus of UL54) and mutations in region V
(C-terminus of UL54) cause resistance to ganciclovir and ci-
dofovir, (ii) mutations in conserved regions II and VI (located
in the central part of the UL54 polypeptide) cause resistance to
foscarnet, (iii) mutations in conserved region III are associated

with various antiviral susceptibility profiles, (iv) mutations lo-
cated outside conserved regions of UL54 are not associated
with significant changes in antiviral susceptibilities of CMV,
and (v) multiple UL54 mutations are additive and cause resis-
tance to multiple antiviral agents.

Effect of UL97 and UL54 Mutations on Antiviral
Susceptibilities of CMV

From published data, it is possible to address the effect of
UL97 and UL54 mutations on the susceptibility of CMV to
antiviral agents. A summary of results of antiviral susceptibility
testing of well-characterized CMV laboratory strains is pre-
sented in Table 2. Although limited, these data indicate dif-
ferent antiviral susceptibility patterns depending upon whether
the CMV strain contains mutations only in UL97, only in
UL54, or in both genes. As illustrated in Table 2, CMV strains
with only UL97 mutations are resistant to ganciclovir but sus-
ceptible to foscarnet and cidofovir, CMV strains with certain
UL54 mutations are cross-resistant to ganciclovir and cidofo-
vir, and CMV strains containing UL97 and UL54 mutations
(double-mutant strains) are highly resistant to ganciclovir.

Similar antiviral susceptibility patterns have been found
among clinical CMV isolates. In one study, characterization of
28 ganciclovir-resistant clinical CMV isolates revealed that
low-level resistance to ganciclovir (defined as a ganciclovir IC50
of $8 mM and #30 mM) was associated with UL97 mutations
while high-level resistance to ganciclovir (IC50 of $30 mM) and
cross-resistance to cidofovir and/or foscarnet was associated
with the presence of both UL97 and UL54 mutations (58). In
addition, the study found a significant correlation between the

TABLE 4. Effect of UL54 mutations in antiviral susceptibilities of recombinant CMV isolatesa

Region Mutation Amino acid change
Viral phenotypeb

Ganciclovir Foscarnet Cidofovir

IV N408D Asparagine to aspartic acid R S R
F412C Phenylalanine to cysteine R S R
F412V Phenylalanine to valine R S R

]-region C L501I Leucine to isoleucine R S R
K513E Lysine to glutamic acid R S R
P522S Proline to serine R S R
L545S Leucine to serine R S R
D588E Aspartic acid to glutamic acid S R S

II T700A Threonine to alanine S R S
V715M Valine to methionine S R S

VI V781I Valine to isoleucine S R S

III L802M Leucine to methionine S R S
K805Q Lysine to glutamine S S R
A809V
T821I Threonine to isoleucine R S R

V A987G Alanine to glysine R S R

Other S676G Serine to glysine S S S
V759M Valine to methionine S S S

Multiple F412C L802M R R R
K513E D588E R R R
K805Q T821I R R R

a Data are from reference 16.
b R and S denote resistant and sensitive, respectively.
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level of resistance and the duration of prior ganciclovir ther-
apy. For instance, the mean ganciclovir IC50 for ganciclovir-
resistant isolates obtained during the first 9 months of ganci-
clovir treatment in that study was statistically significantly
lower than that for ganciclovir-resistant isolates obtained after
at least 9 months of treatment (25 and 54 mM, respectively).
The frequency of CMV isolates highly resistant to ganciclovir
also increased with the length of therapy, with 19% of the
ganciclovir-resistant isolates obtained during the first 9 months
being highly resistant to ganciclovir versus 64% of the isolates
obtained after at least 9 months of therapy. It has been sug-
gested that these findings support a model in which treatment
with ganciclovir initially would select for CMV variants with
low-level ganciclovir resistance and UL97 mutations and then
would select for a subpopulation of virus acquiring UL54 mu-
tations (in addition to UL97 mutations) and high-level resis-
tance to ganciclovir (58).

LABORATORY METHODS FOR ANTIVIRAL
SUSCEPTIBILITY TESTING OF CMV ISOLATES

The recognition that virulent drug-resistant CMV strains
could emerge in the clinical setting has important implications,
including the need to develop laboratory methods for deter-
mining antiviral susceptibilities that can be used in diagnostic
laboratories for the detection of resistant viruses. Methods
used in the laboratory to determine susceptibilities of CMV
isolates to antiviral compounds may be classified as phenotypic
or genotypic. Phenotypic methods are designed to determine
the concentration of an antiviral agent that would inhibit the
virus in culture. Generally, these are culture-based methods in
which a known amount of infectious virus is grown in the
presence of different concentrations of the antiviral agent. Vi-
ral production is then plotted against antiviral concentration to
determine the IC50 of the agent for the virus which is the
concentration of antiviral agent (expressed as micromolar or
micrograms per milliliter) producing 50% inhibition of the
virus in culture. On the basis of the results of phenotypic
assays, viruses are classified as susceptible or resistant to a
given antiviral compound.

Genotypic assays are designed to determine whether muta-
tions known to confer antiviral resistance are present in the
genome of the viruses being studied. Generally, genotypic
methods involve the use of molecular technologies to obtain
sequence information concerning target regions of the viral
genome. Genotypic assays are useful when the genetic basis for
antiviral resistance has been identified and when there is a
predictable relationship between the presence or absence of a
genetic variant and measurable antiviral resistance. The signif-
icance of mutations found in genotypic studies must be further
evaluated by assessing the effect of each mutation on the phe-
notype of recombinant viruses and on the structure and func-
tion of mutated viral proteins. Whereas these latter studies are
required for understanding the mechanisms underlying the
development of antiviral resistance, antiviral susceptibility
methods used in diagnostic laboratories are usually limited to
phenotypic and genotypic assays. While currently available
methods have some utility for patient management, further
work is necessary to develop rapid and reproducible assays that
will permit the timely detection of resistant viral isolates in
clinical specimens for the purpose of guiding therapeutic de-
cisions.

Phenotypic Methods

A variety of phenotypic assays have been used in different
studies to determine antiviral susceptibilities of clinical and
laboratory CMV strains. These methods include the plaque
reduction assay, assays based on DNA hybridization, ELISA-
based assays, and assays based on flow cytometry (33, 43, 50,
67–69). Each of these methods measures the inhibition of viral
growth in the presence of antiviral agents. The difference is
that the plaque reduction assay measures the inhibition of
replication of infectious virus, assays based on DNA hybrid-
ization measure the inhibition of viral DNA synthesis, and
ELISA- and flow cytometry-based assays measure the inhibi-
tion of synthesis of one or more viral proteins. The results of
these studies are difficult to compare because a standardized
phenotypic assay is not used and different criteria are used to
define CMV resistance.

Plaque reduction assay. The plaque reduction assay has
been considered the gold standard for antiviral susceptibility
testing of CMV and other viruses (6). In this assay, a standard-
ized inoculum of a stock virus (previously subjected to titer
determination in cell culture) is inoculated into cultures and
incubated in the presence of the antiviral agent. The cultures
are then observed for the presence of viral plaques. The IC50
of the agent for the isolate is defined as the concentration of
agent causing a 50% reduction in the number of plaques pro-
duced. Plaque reduction assays are labor-intensive, involving
the following steps: (i) isolation of the virus in culture, (ii)
preparation of viral stocks (by sequential passaging of the viral
isolate in culture until an adequate amount of virus is present
to perform the assay), (iii) titer determination of viral stocks,
and (iv) the actual antiviral susceptibility testing. Therefore,
plaque reduction assays are limited by the excessive time re-
quired to complete the assay (4 to 6 weeks) and the lack of a
standardized method validated across different laboratories. In
addition, the continuous passaging of the isolates needed to
prepare viral stocks may influence the results of plaque reduc-
tion assays by selecting CMV strains that are not representa-
tive of the original population of viruses.

DNA hybridization assay. In the DNA hybridization assay,
IC50s of agents for CMV isolates are determined by measuring
the effect of the agents on CMV DNA synthesis in culture (21).
Cell cultures are inoculated with a standardized amount of
CMV and incubated in the presence of different concentra-
tions of antiviral agent until control wells (without drug) show
60 to 80% cytopathic effect (typically after 6 to 8 days in
culture). Then the cells are lysed, and whole genomic DNA is
extracted and transferred by capillary action onto negatively
charged nylon membranes. The membranes are hybridized to
an 125I-labelled human CMV probe (Diagnostic Hybrids, Ath-
ens, Ohio), rinsed, washed, and counted in a gamma counter
for 2 min. Mean hybridization values (in counts per minute
[cpm]) for each concentration of antiviral agent are calculated
and expressed as a percentage of the cpm in control cultures.
The IC50 is defined as the concentration of antiviral agent
resulting in a 50% reduction in viral nucleic acid hybridization
values compared with the hybridization values of controls. Sim-
ilarly to plaque reduction assays, DNA hybridization assays
require the isolation of CMV strains, sequential passaging of
the isolates in culture for preparation of viral stocks, titer
determination of viral stocks, and susceptibility testing. There
is good correlation between results obtained by DNA hybrid-
ization assays and plaque reduction assays (21). One disadvan-
tage of DNA hybridization assays is that they require the use of
radiolabelled probes. However, DNA hybridization assays
have the advantage over plaque reduction assays of eliminating
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the variation due to subjective errors resulting from plaque
counting by different individuals.

Other phenotypic methods. A variety of culture-based meth-
ods have also been used in different laboratories to determine
antiviral susceptibilities of CMV isolates. The principle behind
these methods is the same as in plaque reduction assays, but
viral production is measured by using immunofluorescence-,
immunoperoxidase-, ELISA-, or flow cytometry-based meth-
ods for detection and quantitation of cells expressing CMV
antigens (immediate-early, early, or late) (33, 50, 67–69).
Dose-inhibition curves are then constructed to determine the
IC50s of the agents for the isolates studied. These assays are
also laborious and have the same limitations as the plaque
reduction assays.

To reduce the turnaround time involved in identifying drug-
resistant CMV isolates, considerable efforts have been made to
develop rapid screening assays as well as methods that can be
used to determine susceptibilities directly in clinical specimens
or in primary cultures. A modified plaque reduction assay has

been used for susceptibility testing of CMV isolates directly in
primary cultures of clinical specimens after a single replication
cycle of the virus. This method provided susceptibility results in
5 days, clearly differentiated between susceptible and resistant
CMV isolates, and compared favorably with a conventional
plaque reduction assay (52). In another study, blood leukocytes
from patients with documented CMV viremia were used as the
inoculum in a modified plaque reduction assay (34). This
method provided results within 4 to 6 days and reliably de-
tected ganciclovir- and foscarnet-resistant CMV isolates. A
practical limitation of this method is that the level of CMV
viremia in patients is often too low to allow it to be used.
Additional studies are needed to evaluate the applicability and
reproducibility of these rapid phenotypic assays across differ-
ent laboratories.

Practical considerations. Interpretation of the results of an-
tiviral resistance studies is difficult because the different sus-
ceptibility assay systems for viruses are not well standardized
and disparate results can be obtained when different methods
are used. Table 5 summarizes published IC50s of drugs for
well-characterized reference CMV strains in experiments per-
formed in different laboratories by using a variety of pheno-
typic assays. Table 6 summarizes published IC50s used in dif-
ferent studies to define antiviral resistance of clinical CMV
isolates. These results clearly illustrate that there is significant
variability among methods and laboratories. Variables that
affect the results of susceptibility testing include the type of cell
culture used, the size of the viral inoculum, the method used,
and the laboratory performing the assay. When feasible, a
baseline viral isolate from the same patient should be tested in
parallel with the isolate suspected of being resistant. Unfortu-
nately, baseline isolates are often not available. Antiviral sus-
ceptibility assays should also include well-characterized suscep-
tible and resistant reference isolates.

In an effort to reduce assay variability and to reach a con-
sensus on the definition of antiviral resistance in CMV, the
AIDS Clinical Trials Group (ACTG) has evaluated a consen-
sus plaque reduction assay by testing a panel of well-charac-
terized clinical and laboratory CMV strains in 13 laboratories
across the United States. Preliminary results indicate that sus-
ceptible and resistant CMV isolates can be readily distin-
guished by the consensus assay (19). It has been proposed to
use a ganciclovir IC50 of .12 mM, a foscarnet IC50 of .400
mM, and a cidofovir IC50 of .2 mM as the cutoff values that
define CMV resistance to these compounds (19, 24). More
recently, a more accurate cutoff of .4 mM has been set to
define resistance to cidofovir (11). CMV strains for which the
ganciclovir IC50 is .6 mM and ,12 mM are considered to be

TABLE 5. Antiviral susceptibilities of reference CMV strains

Methoda

Ganciclovir IC50
(mM) to:

Foscarnet IC50
(mM) to:

Cidofovir IC50
(mM) to: Reference

AD169b 759rD100c AD169 759rD100 AD169 759rD100

PRA 3.1 17
1 12 150 150 6
4.9 35 64 24 0.6 61
4 210 0.54 64

10 250 1 47
5.3 58.9d 52
2.5 55 10

10 200 0.5 48
0.6 10

DNA 1.7 39 50 35 0.49 1.5 61
0.7 19 8

LARA 6.5 31.6d 52

ELISA 5.4 150 67
6.25 210 1 47

a PRA, plaque reduction assay; DNA, DNA hybridization assay; LARA, late-
antigen reduction assay.

b Susceptible CMV strain that contains UL97 and DNA polymerase wild-type
sequences.

c Ganciclovir-resistant CMV strain that contains a UL97 deletion and a DNA
polymerase mutation.

d Ganciclovir-resistant strain RCL1 was used.

TABLE 6. Ganciclovir, foscarnet, and cidofovir IC50s used in clinical studies to define resistant CMV isolates

Method
IC50 (mM) of:

Reference(s)
Ganciclovir Foscarnet Cidofovir

Plaque reduction assay $9 30
$9 $300 57
$8 $324 $2.1 11, 58, 59

$12 $400 62
$12 70

$6 $400 $2 15

DNA hybridization assay 5 times higher than
IC50 for AD169

12

.6 13

.6 .400 $2 14, 30
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of an “intermediate-resistance” phenotype and have decreased
susceptibility to this compound.

Genotypic Methods

The recognition that specific mutations in the UL97 and
UL54 genes of CMV are associated with resistance of the virus
to antiviral compounds has led to the development of geno-
typic methods for the detection of mutant CMV isolates.

The strong clustering of mutations at specific UL97 codons
in ganciclovir-resistant CMV isolates has led to the develop-
ment of diagnostic screening assays based on restriction en-
zyme analysis of selected PCR products amplified from CMV-
infected cell cultures (12, 36). Mutations at codons 460 and 594
result in the loss of naturally occurring restriction enzyme sites,
whereas mutations at codons 520 and 595 result in additional
restriction sites. The presence of mutations is determined by
distinctive restriction patterns visualized by gel electrophoresis
(Table 7). This screening method can detect mutants when
they reach 10% of the viral population in a clinical isolate; in
one study, it identified 78% of the isolates resistant to ganci-
clovir in phenotypic assays (13). A major advantage of this
restriction digestion analysis is that provisional susceptibility
information can be obtained in less than 2 days and that it can
be used directly with clinical samples (i.e., blood leukocytes,
plasma, cerebrospinal fluid, aqueous humor). A disadvantage
is that this method may not detect specific mutations involving
base changes that do not result in a change in the restriction
enzyme pattern. In addition, it will “miss” ganciclovir-resistant
CMV isolates containing DNA polymerase mutations but wild-
type UL97 sequences (30). Therefore, while a positive result is
virtually diagnostic of ganciclovir resistance, a negative result
does not necessarily indicate that a virus is susceptible to gan-
ciclovir. DNA polymerase mutations are detected by sequenc-
ing the relevant portions of the polymerase-encoding gene.
This procedure is currently performed only in a few research
laboratories. Restriction enzyme analysis of PCR fragments
has been recently used to detect the ganciclovir resistance
mutation L501F and to detect the ganciclovir and foscarnet
resistance mutation A809V in the DNA polymerase region of
clinical CMV isolates (15, 37).

Studies combining both genotypic and phenotypic assays to
characterize selected CMV strains are crucial to further our
understanding of CMV resistance. However, it should be noted
that viruses containing UL97 or UL54 mutations causing an-
tiviral resistance can be susceptible in phenotypic assays. For
instance, a clinical CMV isolate with a A594V mutation in
UL97 was susceptible to ganciclovir by the plaque reduction
assay in one study (70). In another study, a CMV isolate,
obtained from a bone marrow transplant recipient, that con-
tained an A594V mutation in UL97 was susceptible to ganci-

clovir in a DNA hybridization assay (31). Similarly, the foscar-
net resistance T700A mutation in UL54 has been found in a
foscarnet-susceptible isolate (30). Because the T700A muta-
tion has been associated with a slow growth of CMV in culture,
it was proposed that the presence of this mutation could in-
troduce a bias in the evaluation of antiviral susceptibility assays
since susceptible viruses could mask the slow-growing resistant
mutants in culture (3). The discrepancy between a resistant
genotype (i.e., with a mutant UL97 or UL54 sequence) and a
susceptible phenotype could indicate that the sensitivity of
susceptibility assays for the detection of isolates containing
antiviral resistance mutations is lower than that of PCR se-
quencing methods. Because immunocompromised patients can
harbor multiple isolates, it is also possible that culture-based
susceptibility assays will select a different virus population from
that selected by PCR and characterized in sequencing studies
(31). Nevertheless, phenotypic testing of viruses with known
UL97 and UL54 mutations is important to define cross-resis-
tance patterns and to determine the importance of individual
mutations in the CMV genome by assessing their effect on the
phenotype of mutant viruses. Identification of mutations con-
ferring high-level drug resistance (in phenotypic assays) would
help in the design of rapid assays targeted to detect highly
resistant CMV isolates.

INCIDENCE AND CLINICAL SIGNIFICANCE OF
INFECTIONS CAUSED BY DRUG-RESISTANT CMV

The vast majority of infections caused by drug-resistant
CMV have been found in patients with AIDS. CMV resistant
to antiviral agents has also been recovered from other immu-
nocompromised hosts, including patients with primary immu-
nodeficiencies or hematologic disorders and recipients of bone
marrow, heart, and lung allografts (1, 27, 29, 37, 49, 56, 72).
Because of the underlying disorders, it has been difficult to
determine whether the outcome of these infections is due to
the poor immune status of the host, the presence of CMV
resistant to antiviral therapy, or both. Nevertheless, abundant
data in the literature suggest that resistance of CMV to gan-
ciclovir is associated with lack of therapeutic response and
progression of CMV disease. Isolation of ganciclovir-resistant
CMV or detection of ganciclovir resistance UL97 and/or UL54
mutations in viral isolates or directly in clinical samples from
patients with AIDS has been associated with recurrent or pro-
gressive CMV retinitis despite therapy (2, 14, 15, 50, 59, 70),
occurrence of contralateral eye disease among patients with
unilateral CMV retinitis (39), progressive extraocular CMV
disease, development of CMV disease of the central nervous
system while on therapy for CMV retinitis (57, 71), persistent
isolation or detection of CMV in blood leukocyte fractions,
persistent detection of CMV DNA in plasma fractions (57, 70),
and increase in the CMV DNA burden in blood leukocyte and
plasma fractions (9, 35, 57).

That ganciclovir-resistant CMV strains are pathogenic is
further supported by the detection of ganciclovir resistance
UL97 and/or UL54 mutations in CMV isolates from gastroin-
testinal tissue (36), cerebrospinal fluid (71), and bronchoalveo-
lar lavage fluid (1, 49). The ganciclovir resistance UL97 and
UL54 mutations have also been found by direct analysis in
samples of vitreous fluid and brain tissue from patients with
end-organ CMV disease (37, 59). Although the information on
the clinical outcome of infections caused by foscarnet- and
cidofovir-resistant CMV is limited, available data suggest that
these infections are also associated with progressive CMV dis-
ease and therapeutic failure. In one study, failure of intravit-
real cidofovir therapy in patients with AIDS and CMV retinitis

TABLE 7. Restriction enzyme digestion screening for UL97
mutations related to ganciclovir resistance

Enzyme UL97 Codon

Fragment size (bp)a

Wild-type
sequence

Mutant
sequence

NlaIII 460 198, 168, 126, 9 324, 168, 9
AluI 520 295, 189, 17 268, 189, 27, 17
HhaI 594 50, 38, 18, 12 62, 38, 18
MseI 595 76, 42 46, 42, 30
TaqI 595 99, 19 71, 28, 19

a Underlined fragments are normally seen in polyacrylamide gels after
ethidium bromide staining.
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previously treated with systemic ganciclovir or intravenous ci-
dofovir was associated with the isolation of cidofovir- and
ganciclovir-resistant isolates containing mutations in the UL97
and UL54 genes (59).

There is limited information about the in vivo persistence of
CMV strains containing UL97 or DNA polymerase mutations.
In one study (70), a previously present M460V UL97 mutation
was absent from a plasma sample obtained 6 months after
cessation of ganciclovir therapy. In contrast, a previously de-
tected L595F UL97 mutation was still present in a plasma
sample obtained from another patient 9 months after cessation
of ganciclovir therapy (70). In another study (30), a CMV
strain with a ganciclovir-resistant phenotype and an M460V
mutation in UL97 persisted for a prolonged period, even when
the patient was no longer being treated with ganciclovir. These
findings suggest that CMV strains with certain UL97 (or DNA
polymerase mutations) may be stable in vivo even in the ab-
sence of selective antiviral pressure.

As indicated above, the majority of infections caused by
drug-resistant CMV have been found in patients with AIDS.
The frequency of these infections is not well known and has
varied among different studies. In one study that analyzed the
prevalence of infections caused by ganciclovir-resistant CMV
strains in 31 patients with AIDS and CMV retinitis, 5 (38%) of
13 patients who were treated with intravenous ganciclovir for
more than 3 months were excreting ganciclovir-resistant CMV
strains in their urine (23). This represented an overall inci-
dence of ganciclovir resistance of 7.8% in this patient popula-
tion. In a more recent study of 207 patients with AIDS and
newly diagnosed CMV retinitis who were enrolled in a ran-
domized trial comparing intravenous ganciclovir and foscarnet,
ganciclovir-resistant CMV was found in 5.3% of the patients
who remained viremic after being treated with ganciclovir for
a minimum of 2.5 months (62). In a prospective study of 76
patients with AIDS and CMV retinitis treated initially with
intravenous ganciclovir as the initial induction and mainte-
nance therapy, 11.4% of the patients had ganciclovir-resistant
CMV isolated from blood or urine after 6 months of treatment
and 27.5% of the patients had ganciclovir-resistant CMV in
their blood or urine after 9 months of therapy (39). In another
study, ganciclovir-resistance UL97 mutations were found di-
rectly in blood leukocytes of 31% of patients with AIDS and
CMV retinitis treated with ganciclovir for at least 3 months
(35).

The incidence of ganciclovir-resistant CMV infections in
patients treated with oral ganciclovir has been analyzed in
several studies. In a randomized trial comparing oral ganciclo-
vir to placebo for prevention of CMV disease in 725 human
immunodeficiency virus- and CMV-seropositive individuals,
the prevalence of isolates resistant to ganciclovir among indi-
viduals who remained culture positive after being treated for a
minimum of 3 months was ,1% (19, 26). In another study,
ganciclovir resistance UL97 mutations were found in plasma
samples from 4.8% of 117 AIDS patients who had received
prophylaxis or preemptive therapy with oral ganciclovir for 12
months (60). In that study, the detection of these UL97 mu-
tations in plasma was associated with clinical progression (60).

Data on the incidence of foscarnet- or cidofovir-resistant
CMV infections in AIDS patients are more limited, but avail-
able information suggests that the incidence of infections
caused by CMV strains resistant to these compounds is low.
For instance, foscarnet-resistant isolates were not found in
patients with AIDS and CMV retinitis with persistent viremia
who had been treated with foscarnet for a median of 5.1
months (62). In one study, cidofovir-resistant isolates were
obtained from 2 (3%) of 64 patients with AIDS and CMV

retinitis who received intraocular cidofovir injections for the
treatment of recurrent CMV retinitis (59). However, the fre-
quency of cidofovir-resistant CMV infections might be higher
among patients harboring ganciclovir-resistant CMV strains.
In a retrospective analysis of 28 ganciclovir-resistant CMV
isolates, resistance to cidofovir was found in 11 (39%) of the
isolates (58). All these cidofovir-resistant isolates were highly
resistant to ganciclovir and had been recovered from patients
after extended treatment with ganciclovir. Although these data
do not predict the incidence of cidofovir resistance in the
clinical setting, they help to identify the appropriate back-
ground (high level of ganciclovir resistance; prolonged prior
therapy with ganciclovir) where cidofovir resistance should be
considered.

Although the frequency of infections caused by drug-resis-
tant CMV in solid-organ transplant recipients is not known, it
is probably low. In one study, none of 33 blood or tissue CMV
isolates recovered from solid-organ transplant recipients who
developed CMV viremia after receiving prophylaxis and/or
treatment with intravenous ganciclovir were resistant to this
compound (8). Reports of drug-resistant CMV infections in
this patient population remain anecdotal (1, 49).

The limited information available on the incidence of drug-
resistant CMV infections in the context of bone marrow trans-
plantation suggests that it is not a frequent problem. In one
study, ganciclovir-resistant CMV isolates were recovered from
the blood and bronchoalveolar lavage fluid of a patient treated
with ganciclovir for more than 2 months (27). In a survey of the
European Group for Blood and Bone Marrow Transplanta-
tion, 23 patients with ganciclovir-resistant CMV infections
were reported from 19 of the 68 participating centers (55).
However, resistance to ganciclovir was documented in only 2
cases. In another study (56), a ganciclovir-resistant CMV iso-
late was recovered from a lung autopsy sample from a bone
marrow transplant recipient with a second episode of CMV
pneumonitis who had received acyclovir prophylaxis and two
courses of ganciclovir therapy for a total of 55 days. In a recent
study, CMV isolates containing UL97 mutations associated
with resistance to ganciclovir were recovered after 41 and 73
days of ganciclovir therapy in two patients who had previously
received prophylaxis with acyclovir (31). Although the inci-
dence of drug-resistant CMV infections in patients with pri-
mary immunodeficiencies is not known, a recent report suggest
that ganciclovir-resistant CMV strains can emerge rapidly
(within 3 weeks of therapy initiation) in patients with primary
combined immunodeficiency and CMV infection who are
treated with ganciclovir (72).

Because acyclovir has the same mechanism of activation and
action as ganciclovir against CMV (66), it is theoretically pos-
sible that CMV isolates resistant to ganciclovir will emerge
under selective pressure during exposure to acyclovir. Whether
prior exposure to acyclovir contributes to the selection of gan-
ciclovir-resistant CMV in the clinical setting is not clear. In one
study, a ganciclovir-resistant isolate was recovered prior to
ganciclovir therapy in a patient with chronic leukemia who had
been treated intermittently with intravenous acyclovir. This
isolate contained a V594 mutation in UL97 (30). In another
study, a CMV isolate with reduced susceptibility to ganciclovir
was recovered from a solid-organ transplant recipient after a
14-day course of treatment with acyclovir (17). Other studies
have suggested that antiviral prophylaxis does not result in the
selection of resistant CMV isolates. For instance, none of six
CMV isolates recovered from the urine of six patients with
AIDS treated with acyclovir for an average of 15 months were
resistant to ganciclovir (25). In another study, none of 17 CMV
isolates from solid-organ transplant recipients who developed
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active CMV infections after receiving prophylaxis with acyclo-
vir were resistant to ganciclovir (8). Confirmation of whether
drug-resistant CMV strains are selected for during prior pro-
phylaxis with acyclovir will require additional studies.

CONCLUSIONS

Resistance of CMV to antiviral agents is a well-documented
complication of long-term antiviral therapy. This problem has
been observed mostly in patients with AIDS and CMV retinits
(before the advent of highly active antiretroviral therapy), in
whom drug-resistant CMV infections have been associated
with clinical progression and therapeutic failure. Current data
suggest that the incidence of infections caused by drug-resis-
tant CMV in bone marrow or solid-organ transplant recipients
is low. Because of the routine use of antiviral agents for pro-
phylaxis or preemptive therapy for CMV infections in bone
marrow or solid-organ transplant recipients, surveillance anti-
viral susceptibility studies of CMV isolates from patients de-
veloping active CMV infections would be appropriate. CMV
resistance studies have been limited by the difficulty and lack of
standardization of antiviral susceptibility assays. In contrast,
significant advances have been made in recent years in under-
standing the mechanisms by which CMV becomes resistant to
antiviral agents. The recognition that specific mutations in the
UL97 and UL54 genes of CMV are associated with different
antiviral susceptibility patterns has prompted the development
of molecular laboratory methods for detection of mutant viral
sequences in viral isolates and directly in clinical specimens.
The incorporation of these methods in the routine of diagnos-
tic virology laboratories in the future should contribute to a
more rapid and sensitive detection of drug-resistant CMV.
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